Pair-rule genes serve two important functions during Drosophila development: they first initiate periodic patterns, and subsequently interact with each other to refine these patterns to the precision required for definition of segmental compartments. Previously, we described a pair-rule input region of the runt gene. Here we further characterize this region through the use of reporter gene constructs and by comparison with corresponding sequences from Drosophila virilis. We find that many but not all regulatory properties of this '7-stripe region' are functionally conserved. Moreover, the similarity between these homologous sequences is surprisingly low. When compared to similar data for gap gene input elements, our data suggest that pair-rule target sequences are less constrained during evolution, and that functional elements mediating pair-rule interactions can be dispersed over many kilobases.
Introduction
Segmentation of the Drosophila embryo is one of the most intensively studied examples of pattern formation in developmental biology. This system provides a robust framework for investigation of cellular processes including intracellular transport, translational regulation, signal transduction and, most importantly, diverse mechanisms of transcriptional regulation. A cascade of transcription factors transforms the initial positional information in several steps into successively more concise patterns that eventually define segmental compartments just one cell wide (Pankratz and Jäckle, 1993) . About 25 zygotic genes are known to actively participate in this patterning process, and a multitude of interactions between these genes has been inferred by comparing expression patterns in mutant and wild type embryos (Rivera-Pomar and Jäckle, 1996) . These interactions take place at the level of transcriptional regulation, and the logic as well as the kinetics of this pattern formation process are defined by the molecular machinery that assembles on the regulatory DNA of segmentation genes.
The action of transcription factors is most easily studied in small and well defined regulatory elements amenable to experimental analysis. Such elements have been identified in the regulatory regions of several gap and pair-rule genes, and several segmentation gene interactions have been examined in molecular detail by mapping and mutation of relevant binding sites within such elements (Dearolf et al., 1989; Struhl et al., 1989; Jiang et al., 1991; Schier and Gehring, 1992; Schier and Gehring, 1993; Small et al., 1992; Han et al., 1993; Hartmann et al., 1994; Langeland et al., 1994; Fujioka et al., 1996; Small et al., 1996) . This work has provided insight into some of the principles that govern complex regulatory elements in pattern formation, and has confirmed interactions that were previously inferred from genetic experiments. Eventually, it is hoped that these experiments will provide sufficient insight to allow the in vitro design of regulatory elements Mechanisms of Development 80 (1999) [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98) and artificial promoters that can generate precise spatial patterns in transgenic embryos. However, there is one level in the segmentation cascade where our understanding is still very incomplete, namely the interactions among genes of the pair-rule class. Pair-rule gene interactions are essential for refinement of periodic stripe patterns which then generate the segmental stripes of segment-polarity genes like wingless, engrailed and hedgehog. At least 25 such interactions have been described by expression studies in the mutants available (for an overview see http://www.mssm.edu/molbio/genet/genet.htm by M.G. Samsonova and coworkers). However, these experiments do not distinguish between direct and indirect effects. It remains unknown, therefore, which of the interactions inferred from genetic experiments are indeed essential for the process of pattern refinement, and no comprehensive model for the flow of information through the pair-rule network exists. While the initiation of pair-rule stripes by gap genes is fairly clear, the generation of later pair-rule patterns (i.e. those of the secondary pair-rule genes) remains obscure.
Our comprehension of the pair-rule network would be helped tremendously if at least some of the proposed interactions could be demonstrated molecularly. This knowledge would suggest which of the remaining interactions can be explained as indirect, leading to a parsimonious yet comprehensive model. Furthermore, there are indications that the products of pair-rule genes have biochemical properties in transcriptional regulation that are different from those of the better characterized gap-gene products. In vivo DNAbinding of the pair-rule genes even-skipped (eve) and fushi tarazu (ftz) showed that these transcription factors bind to DNA quite indiscriminately, i.e. upstream DNA of genes not likely to be regulated by these factors is bound almost as well as the upstream DNA of likely target genes (Walter et al., 1994) . While gap gene proteins appear to bind compact and well defined regulatory elements, the binding sites of at least two pair-rule proteins appear to be spread over large regions of DNA. This raises the question of how target gene specificity is achieved, and how pair-rule interactions can be studied molecularly in the absence of well-defined target elements.
Here we report an analysis of the '7-stripe region' from the runt upstream region (Klingler et al., 1996) . runt is a context-dependent activator/repressor homologous to a family of proteins with important roles in mammalian development Ogawa et al., 1993) . The pair-rule expression of runt is initiated by stripe-specific elements which are regulated by gap genes (Klingler et al., 1996) . In addition, a 5 kb section immediately upstream of the runt transcription start site generates a complete pair-rule pattern which, however, emerges later during development than the endogenous runt stripes, or those of reporter genes containing stripe-specific elements of runt. This 5 kb region could not be further subdivided into functional subelements, indicating a complex internal structure different from the upstream regions of other pairrule genes investigated to date (Klingler et al., 1996) . The timing of the 7-stripe pattern, as well as its misregulation in mutant embryos, suggest that it is largely controlled by other pair-rule genes, and therefore mediates a major part of runt's regulation at this level of the segmentation cascade. The eve gene is essential for proper maintenance of the pattern generated by this region, and also runt itself has a strong influence on its own expression. In addition, two genes have been identified which exert a negative influence on this region. In hairy mutant embryos, ectopic runt expression is present between the stripes. And in addition to these three primary pair-rule genes, also the ftz gene has a major inhibitory role on runt patterning -not in the blastoderm stage but later, during gastrulation, when the initial seven stripes divide to form a segmental pattern (Klingler and Gergen, 1993; Klingler et al., 1996) . Here, through the use of additional reporter genes and phylogenetic footprinting, we provide a detailed picture of the internal organization of this regulatory region, and we identify hairy and bicoid as likely direct regulators of runt transcription. Fig. 1 depicts the reporter gene constructs we used to search for subelements within runt's pair-rule input region. As previously shown (Klingler et al., 1996) , the '7-stripe region' mediates several expression aspects of runt in addition to late-blastoderm pair-rule stripes. Fig. 2A -D recapitulates how the pattern of endogenous runt progresses during the early stages of development. Fig. 2E -H shows this to be closely mimicked by a reporter gene comprising 6 kb of runt upstream DNA. This fusion gene initiates strong expression early in the syncitial blastoderm stage in a central domain which relates to runt's function in sex determination at this stage (Duffy and Gergen, 1991) . The early central domain resolves into a pattern of seven stripes at mid-blastoderm (Fig. 2F,G) . Just prior to gastrulation, a pair of dorsal spots appears anterior to the first stripe. During gastrulation, an additional set of six stripes appears between the original seven stripes (Fig. 2H) . These additional stripes remain weaker than the original stripes. This is in contrast to the pattern of endogenous runt expression where all 13 stripes are of equal intensity. This discrepancy is due to an additional regulatory element 3′ of the runt transcription unit which contributes to the activation of the later appearing set of stripes (Klingler et al., 1996) . Finally, when the germ band is completely extended, the reporter gene becomes expressed in a subset of neural cells in the ventral nerve cord which also express endogenous runt (not shown).
Results

Expression from reporter gene constructs
With respect to runt's function in segmentation, these constructs identify two subelements which are essential for the stripe pattern. First, a 'general activating' sub-element is situated close to the TATA box, between −0.7 and −0.1 kb. Constructs without this DNA lack expression in the stripes almost completely, and they also do not form the early central domain (constructs −6GGrb and −2.6BDNS, see Fig. 1 ). Secondly, sequences between −0.7 and −1.3 kb negatively regulate the stripe pattern during gastrulation. These sequences are deleted in construct −2.6BDGN. During stages prior to gastrulation, the expression of this construct is similar to −2.6B. But during gastrulation and germ band extension, seven broad stripes are generated by −2.6BDGN (Fig. 2M) while the stripes remain narrow in the presence of this inhibitory element (i.e. construct −2.6B, see Fig. 2K ). The time when the stripes from the deletion construct widen coincides with formation of the second set of weakly expressing stripes that form between the initial stripes. The pattern generated by the −2.6BDGN construct resembles that of runt expression in a ftz − background (Klingler and Gergen, 1993) . Indeed, expression of the complete −2.6B reporter construct in this mutant background is identical to that of the deletion construct (Fig. 2L ). This suggest that the DNA between −1.2 and −0.7 kb mediates the inhibitory effect of ftz on runt expression. At later stages of development, the 7-stripe region also gives rise to neural expression, first in the head spots, and at the fully extended germ band stage also in the ventral nerve Fig. 1 . Reporter gene dissection of the Dm'runt 7-stripe region. The extent of upstream DNA contained in reporter genes with nested or internal deletions is depicted on the left. On the right, lacZ expression from these constructs in the early central domain, in double segmental and segmental stripes, in the developing CNS and in the head spots is shown schematically. The abundance of expression in the early domain and stripe patterns is indicated by the level of gray shading while the extent of polar repression of the early domain is indicated by ++, + or (+). The punctuated pattern represents qualitative changes of expression in the −2.6BDGN construct. A scale of the map, and the subregions defined by these constructs are shown below (position +1bp, i.e. 0 kb on the map, corresponds to the transcription start site). The nomenclature of reporter genes reflects the identity, and approximate position, of the restriction sites defining the upstream limit of the respective construct (G, BglII; B, BamHI; N, NcoI; S, SalI; A, AflII) (Klingler et al., 1996). cord. Both of these expression aspects can be attributed to distinct elements. The regulation in the CNS is provided by DNA between 5 and 6 kb upstream of the transcription start site, and the head spot expression by DNA between −1.3 and −1.9 kb (see Fig. 1 ). In both cases, expression does not require the presence of the general activating element immediately upstream of the basal promoter since the head spots are present in constructs −6GGrb and −2.6BDNS, and the neural expression is present in −6GBrb and −6GGrb.
In summary, our dissection of the 7-stripe region revealed two subelements which affect the pair-rule expression in a specific manner, i.e. the general activating and the ftz input elements. We did not identify positively acting elements that activate specific stripes, nor negatively acting elements that repress expression in the interstripes. Therefore, it appears that the binding sites relevant for stripe formation are distributed over this 5 kb region such that our constructs could not separate distinct regulatory in-puts.
Functional conservation of D. virilis regulatory sequences in D. melanogaster
An alternative approach for identifying relevant elements within a regulatory region is genetic footprinting which relies on sequence conservation of functionally relevant DNA in species of known phylogenetic relation. A runt homologue has been previously identified in D. virilis (Pepling and Gergen, 1995) , and this homologue, Dv'runt, is expressed in a pattern very similar to that of Dm'runt ( Fig.  3A -E, compare with Fig. 2A-D) . A short genomic walk in the region included a lambda clone containing about 8 kb of Dv'runt upstream sequences that cross-hybridize to sequences from the Dm'runt 7-stripe region (not shown). To test whether those upstream sequences have a similar regulatory potential as the corresponding D. melanogaster DNA, we transformed D. melanogaster with a reporter construct carrying about 6 kb of D. virilis upstream DNA (including the D. virilis promoter). Fig. 3F -K shows lacZ expression from this reporter construct. The resulting pattern is similar to that of Dv'runt (and Dm'runt) but is not as faithful as that generated by the corresponding Dm'runtlacZ construct ( Fig. 2E-H ). The pattern of Dv'runt-lacZ deviates from Dm'runt-lacZ expression in several aspects:
(1) the early broad domain initially is not restricted from the posterior pole; (2) during initiation of the stripe pattern, the first stripe emerges prominently, followed by a zone of reduced expression. This reduction is still apparent when the stripe pattern is complete, as stripe remains weak; (3) during gastrulation and early germ band extension, seven broad stripes are generated rather than 13 narrow stripes; only in the fully extended germ band the expression becomes segmental albeit still imperfectly. And finally, (4) the head spots are not represented by the Dv'runt-lacZ reporter gene. In summary, the regulatory capacity of this Dv'runt upstream DNA is in many respects similar to that of Dm'runt upstream DNA. Dv'runt-lacZ is expressed in an early domain, in seven stripes and in the CNS in the same manner as are Dm'runtlacZ genes of similar size. This demonstrates the functional conservation of regulatory sequences, and indicates that the 7-stripe region is largely preserved in D. virilis. There are differences between the two reporter genes, however, which indicate that significant evolutionary changes have occurred within this regulatory region. Specifically, the subelements mediating repression by ftz and activation in the head spots appear not to be conserved. Fig. 2A-D 2E-H) in several respects. Most importantly, the stripe pattern fails to resolve into 13 stripes during gastrulation and germ band extension (I). Only in the fully extended germ band (K), an imperfect subdivision of the broad stripes is achieved.
Sequence evolution of runt upstream DNA
We sequenced about 6 kb of upstream DNA from the D. melanogaster and D. virilis runt homologues (Dm'runt and Dv'runt). These sequences comprise all DNA included in the reporter constructs described in this paper. Comparison by the dot matrix method revealed that the overall sequence similarity between these upstream regions is very low. There are blocks of sequence similarity of 25 bp length or longer which are located at roughly colinear positions within both sequences (Blocks A, B, E, F, K and M which are labeled by large circles in Fig. 4 ). These blocks of sequence similarity are too substantial to be the result of coincidental matches, i.e. they unquestionably represent conserved sequences. In addition, Fig. 4 includes many shorter blocks of sequence similarity, which comprise 12-20 base pairs and usually include a few mismatches. Similarity islands of this size are also encountered when comparing upstream sequences of unrelated genes or even artificially generated random sequences. Therefore, most of these smaller blocks are likely to represent coincidental matches rather than homologous sequences. Indeed, many of the matches at non-colinear positions in Fig. 4 represent short repetitive sequences and were excluded from the further analysis. The remaining smaller non-repetitive blocks of questionable significance were regarded as likely conserved sequence islands only when occupying positions colinear with larger blocks. By these criteria, 14 conserved blocks could be identified (labeled A-O in Fig. 4 ) which together comprise 419 bp, i.e. 6.7% of the total sequence. The largest of these blocks encompasses the basal promoter region with the transcription start site and TATA box. Without the TATA box area, i.e. when just regarding the upstream region, only 346 bp appear to be conserved, which corresponds to 5.6% of the total.
In Fig. 5 the position and size of conserved sequence blocks are shown relative to regulatory functions assigned to specific DNA intervals by the reporter gene analysis. While the observed colinearity clearly indicates that the overall structure of this upstream region has been preserved between both species, there are conspicuous gaps of little or no conservation. Our reporter gene analysis had identified four distinct subelements within these 6 kb of Dm'runt upstream region (Figs. 1 and 5 ). Of these subelements (general activation, inhibition by ftz, headspots and expression in the ventral nerve cord), only one, the general activating region, contains a significant block of conserved sequence (block B). Neither the intervals required for Dm'runt-lacZ expression in CNS and head spots, nor the sequences that appear to mediate repression by ftz are conserved to any significant extent in the Dv'runt upstream region. Another one of the five major similarity islands (A) covers the basal promoter area. The remaining three major (F, K and M) as well as eight of the nine smaller blocks are distributed over much of the area that is responsible for stripe formation, and polar repression of the early domain, of Dm'runt.
HAIRY and BICOID bind to conserved sequence blocks in vitro
As a first step towards the identification of direct regulators of runt's 7-stripe region, we searched the conserved blocks A-O for matches with known consensus binding sequences. Of the likely regulators of this region, we found convincing consensus binding sites for hairy, bicoid and tailless. Of these, hairy is most interesting because it regulates the stripe pattern, and because the expression pattern of runt in hairy mutant embryos suggests direct regulation by hairy (see Section 3). The binding consensus for HAIRY is CACGCG (Ohsako et al., 1994; VanDoren et al., 1994) . This sequence is present in block D, and additional sites with one mismatch each are present in blocks F, H and K (Fig. 6) . Gel retardation experiments show that HAIRY does indeed bind to the perfect consensus in D (Fig. 7) . It does not bind to the site in block F (CTCGCG) which deviates at one position from the consensus. Surprisingly, the site in block H (CACGCC), which also deviates by one nucleotide from the consensus, was bound with even higher affinity than the site in D, which may indicate that the published consensus for HAIRY is not yet the optimal binding sequence. The sequence CACGCC is also present in block K, where HAIRY binds with somewhat lower affinity (see competition data in Fig. 7B ). This suggests that, in addition to the core sequence, the binding affinity is also influenced by neighboring sequences. In addition to HAIRY, we also performed DNA-binding experiments with BICOID and also here we find that the consensus binding sites in block K are indeed bound by this factor (Fig. 7D and data not shown). In conclusion, our in vitro binding experiments provide additional evidence that the conserved blocks as identified by phylogenetic footprinting are likely to be functionally relevant, and they suggest that runt is indeed regulated by hairy in a direct manner.
Discussion
In order to better understand the regulation of the runt gene in Drosophila melanogaster, we sought to identify regulatory elements that mediate regulation by other pairrule genes. To this end we analyzed runt upstream sequences by means of reporter gene constructs, through sequence comparison with the corresponding upstream DNA from the D. virilis homologue of runt, and via in vitro DNA binding experiments.
The 7-stripe region not only generates stripes in the late blastoderm but is also responsible for the early central domain of runt expression, the regulation of expression in the head spots, and in the ventral nerve cord. While the central domain appears to be negatively regulated by bicoid and tailless (Klingler and Gergen, 1993) , the stripe pattern is probably generated by positional cues provided by other pair-rule genes and not the result of gap gene input. A direct role of gap genes in the generation of the 7-stripe pattern appears unlikely because (1) stripe-specific elements regulated by gap genes have been identified elsewhere in the runt upstream region, (2) deletions within the 7-stripe region affect all stripes rather than specific stripes and (3) the stripes generated by this region arise later than those generated by stripe-specific elements (Klingler et al., 1996) . Also, the low degree of sequence conservation that we find in this region (discussed below) argues against direct regulation of the 7-stripe pattern by gap genes, since gap gene target sequences in the upstream regions of other pair-rule genes are much more conserved (Langeland and Carroll, 1993; Sackerson, 1995) .
Although the 7-stripe region appears to be regulated by pair-rule genes, genetic analysis did not suggest an obvious mechanism for generation of the stripe pattern. All primary pair-rule genes (hairy, eve and runt itself) affect the expression from this element (Klingler and Gergen, 1993) . Maintenance of runt stripes strongly depends on eve, i.e. eve could be a positive regulator of runt. However, the stripes of eve and runt do not coincide which makes it difficult to see how eve could have a major role in the direct activation of runt stripes at their correct position. Furthermore, ftz stripes expand anteriorly in eve mutants (Frasch et al., 1988) , to a position coincident with runt stripes. Since ftz is an inhibitor of runt at later stages, the observed loss of 7-stripe expression in eve mutants could be due to inhibition by misexpressed ftz, rather than loss of eve activation. Expression from the 7-stripe region also depends on runt itself (Klingler et al., 1996) . Also in this case, however, a simple model involving direct autoregulation cannot be true because some runt stripes are enhanced rather than deleted in runt − . Genetic analysis only identified one likely direct regulator of the 7-stripe region, hairy. The stripes of hairy and runt are perfectly complementary (Ingham and Gergen, 1988; Kania et al., 1990) , and ectopic runt expression is found between the stripes in hairy mutant embryos (Klingler and Gergen, 1993; Klingler et al., 1996) . Therefore, inhibition by hairy in combination with general activation could in principle explain the stripe pattern generated by runt's 7-stripe region. However, the runt stripes are still well visible above this ectopic expression, indicating that important regulatory aspects must be provided by genes (Fig. 7) .
other than hairy. Either runt and eve play direct roles in this regulation after all, by some obscure mechanism, or as yet unidentified other pair-rule genes have to be invoked to explain the regulation of runt's 7-stripe region. One longterm goal of our present analysis is, therefore, to isolate such factors via identification of their binding sites in the runt upstream region. Our reporter gene analysis identified several distinct elements within the 7-stripe region (Fig. 1 ). An interval close to the transcription start site is required (but not sufficient) for the early central domain, and for expression in seven stripes. Another interval just adjacent to this general activation element appears to mediate a specific function in regulation of the stripe pattern, i.e. negative regulation by ftz during gastrulation. Two further small intervals are required and sufficient to express the reporter gene in the head spots and the CNS. A somewhat larger region appears to mediate negative regulation of the early central domain by bicoid and tailless. Finally, a 5 kb interval of this 6 kb region is involved in stripe formation. With respect to the stripe pattern, we observed in most cases quantitative rather than qualitative differences between our reporter gene constructs. The single exception is the negatively acting element that appears to mediate regulation of runt by ftz, which is essential for narrowing of the stripes and the transition to a 13 stripe pattern. Molecular analysis of this negative regulation should be interesting because ftz has been characterized as an activator (Schier and Gehring, 1992; Schier and Gehring, 1993) . However, our primary interest is to understand how the 7-stripe pattern is initiated. Although the general activating element near the promoter region is essential for stripe initiation (as well as for generation of the early central domain), additional positively and negatively acting sites must be located throughout the investigated region because larger constructs show stronger expression in stripes and reduced expression in the interstripes as compared to the shortest construct −1.3G. How these sites interact to generate the correct pattern, and which spatial cues are used, is not apparent from the reporter gene analysis.
Therefore, we employed phylogenetic footprinting to define regulatory elements within this 6 kb region that can mediate regulation of runt by pair-rule genes. The Dv'runtlacZ gene generates a reasonably complete stripe pattern in D. melanogaster embryos, suggesting that most regulatory sites relevant for this pattern aspect should be conserved and identifiable by sequence comparison. Fig. 5 shows the size and location of conserved sequence blocks relative to DNA intervals and elements as defined by the reporter genes. Five major and nine smaller blocks of significant sequence similarity are located at colinear positions in both species. These conserved sequences may not represent all relevant sites related to stripe formation in this element, because very short similarity blocks (representing single binding sites) cannot be distinguished from coincidental matches. Moreover, there are some deviations in the stripe pattern between the reporter gene carrying the D. melanogaster element and that carrying the D. virilis element (Figs. 2E-H and 3F-K) which indicates some functional divergence in the formation of the stripe pattern between the two species. Nevertheless, the identification of these conserved blocks establishes a new starting point for the analysis of this regulatory region. Of the five major blocks, one covers the basal promoter region and probably does not receive speci- (Fig. 6 ) which contain HAIRY binding consensus sequences. H is bound with highest affinity while binding to F is undetectable. Lanes 1, 5, 9: 500 ng protein from bacteria transfected with empty vector (negative control). 125 ng HAIRY extract was added to lanes 2, 6, 10, 250 ng to lanes 3, 7, 11, and 500 ng to lanes 4, 8, 12. (B) Specificity of HAIRY binding and comparison of binding affinities. Binding to target D (all lanes) was challenged by addition of cold DNA oligonucleotides D, F, H, K1 and K2, respectively (see Fig. 6 : the left underlined sequence in the large conserved block K is denoted 'K1', the right underlined sequence 'K2'). No competitor was added to lanes 1-3; control protein extract was added to lane 1, 250 ng HAIRY extract to lane 2 and 500 ng HAIRY extract to all other lanes. Cold competitor was added in 250-fold excess in lanes 4, 7, 10; in 500-fold excess in lanes 5, 8, 11; and in 1000-fold excess in lanes 6, 9, 12-14. By their ability to compete HAIRY from binding to target D, these experiments allow to rank these sites by affinity: H>D>K1>F>K2 (K2 has no sequence similarity to the HAIRY binding consensus). (C) Competition of HAIRY binding to target H; concentrations are similar to lanes 6, 9, 12-14 in (B). Only targets D and H, but not F are able to compete with the highaffinity binding site in H. (D) Binding of BICOID to consensus sites in conserved Block K. In the binding reactions, 0 mg, 2 mg and 20 mg of total protein were used (lanes 1-3, respectively) . Lane 4 contains a Maxim-Gilbert reaction with the same DNA fragment. The two protected sites (flanked by hypersensitive sites) visible on this gel are indicated by vertical bars. fic spatial input. Block B is likely to represent most or all of the general activating element. Blocks F, K and M could receive most of the spatial regulation for the early central domain and the stripe pattern. The combination of these blocks with the general activating block in a minimal construct will clarify how significant the contribution of the smaller blocks is for the generation of these patterns.
While expression in the early central domain and the early stripe pattern are largely conserved between the 7-stripe regions of the two species, this is not the case for the narrowing of the stripes and the transition to a segmental expression. This functional change in the upstream region of the runt genes in D. melanogaster and D. virilis is reflected by the phylogenetic footprinting results which did not identify conserved sites in the sequence that mediates this regulation in D. melanogaster. Since the pattern of Dv'runt expression is very similar to that of Dm'runt, i.e. the stripes narrow and separate properly (compare Fig. 3D and I) , the loss of ftz inhibition in the Dv'runt 7-stripe region must be compensated by sequences outside this region. Indeed, the matrix comparison plot in Fig. 4 suggests that DNA from this area has been removed from the Dv'runt upstream region: the conserved blocks between −1000 bp and the transcription start site are represented by dots that are roughly arranged on a straight line. Also the similarity blocks between −3000 and −2000 bp can be aligned in such a manner. These two lines are parallel but shifted relative to each other, indicating a gap in the Dv'runt upstream region. Therefore, the simplest explanation for the discrepancy in the Dv'runt and Dv'runt-lacZ patterns is that the sequences mediating repression by ftz have been displaced to another position in the Dv'runt upstream region. Thus, to identify more precisely the sequences through which ftz is likely to regulate runt it may be worthwhile to sequence the corresponding region in another species more closely related to D. melanogaster, for example in D. pseudoobscura for which a runt homologue already has been identified (Pepling and Gergen, 1995) .
In a first attempt to identify binding sites relevant for the initiation of expression from the 7-stripe region, we searched these conserved sequences for known consensus binding sites. Sequences that are likely to be recognized by BICOID ) and TAIL-LESS (Pankratz et al., 1992) could be identified in Block K (Figs. 5 and 6 ). This block indeed resides within the DNA interval required for repression of the early domain at the poles and therefore is a likely target for these early acting factors. For BICOID we showed that it does indeed bind to block K in vitro (Fig. 7D) . Of the potential regulators responsible for the stripe pattern, only HAIRY has a well established consensus (Ohsako et al., 1994; VanDoren et al., 1994) . Sequences similar to this consensus are present in blocks D, F, H and K (Fig. 6) . Our gel retardation experiments ( Fig. 7A-C) show that blocks D, H and K (but not F) are indeed bound by HAIRY. The distribution of these sites over a 2.5 kb area supports our interpretation of the dispersed character of this regulatory region. These sites also identify for the first time a segmentation gene as a likely direct target of the primary pair-rule gene hairy. It remains to be tested if these sites are sufficient for runt regulation by hairy, and if they mediate additional input by other early expressed bHLH proteins like deadpan (Bier et al., 1992) .
The other two pair-rule genes that are known to be required for regulation of the 7-stripe are eve and runt itself. For RUNT, a binding consensus is not yet established. In the case of EVE, binding to DNA has been demonstrated, but no clear binding consensus has emerged from these studies (Hoey et al., 1988) . The only EVE binding sites known to be functional (Jiang et al., 1991) have little similarity to the Q50 homeobox binding consensus or to each other. Furthermore, in vivo cross-linking studies have suggested that EVE binding to DNA is not very sequence-specific (Walter et al., 1994; Walter and Biggin, 1996) . For these reasons any conclusion about a possible role of eve in runt regulation must be backed up by site-directed mutagenesis experiments. We intend to pursue this line of investigation by assembling the conserved boxes identified in this paper into a minimal construct which then can be assayed by in vitro footprinting using bacterially expressed proteins and embryonic extracts. By this means also such regulators of the 7-stripe region can be identified which have not been identified by mutations.
A number of pair-rule gene upstream regions have been compared between D. melanogaster and other Drosophila species which separated from the melanogaster line about 50-60 million years ago (i.e. D. virilis, D. hydei and D. pictocornis) . Of these upstream regions, runt's 7-stripe region displays by far the lowest degree of total sequence similarity. The conserved sequences we identified in this region comprise about 350 base pairs in conserved blocks located within 5 kb of upstream DNA implicated in stripe patterning, i.e. about 7%. In case of eve, an upstream sequence comparison was done between the D. melanogaster and D. pictocornis homologues (Sackerson, 1995) . Using similar criteria for 'significant' similarity as we did in this paper, 1060 bp in conserved blocks can be identified within 6 kb immediately upstream of the transcription start site, i.e. 17%. This region contains the 'late' or 'autoregulatory' element as well as three stripe elements (stripes 2, 3 and 7). In the case of Dm'ftz, 2.2 kb of upstream sequences were compared with corresponding sequences from D. hydei (Maier et al., 1993; Jost et al., 1995) , and 556 bp were within conserved blocks (25%). Finally, 2.8 kb of hairy upstream DNA from D. virilis were compared with the corresponding Dm'h region and in this case 670 bp (24%) were in conserved blocks (Langeland and Carroll, 1993) .
It has been suggested that gap-gene proteins bound to stripe-specific elements interact over short-range distances, which enforces the evolution of discrete and relatively small elements composed of many tightly spaced binding sites (Gray et al., 1994; Small et al., 1993; Stanojevic et al., 1991) . The conserved sequence blocks that we identified for the runt 7-stripe region are spread over a larger area. Some of the blocks are over 70 base pairs long, which suggests that short-distance interactions between some of the factors are involved. On the other hand, functional sites about 2.5 kb upstream from the transcription start site (blocks E-K) appear to interact with elements close to the TATA box, probably in block B. The capability of promoter-near sequences to integrate input from several more distantly located elements has been observed in the case of a sea urchin gene (Chiou-Hwa et al., 1998) . The ability of distantly spaced elements to interact in a common function may allow such sequences to evolve more freely. In the case of runt regulation, this can explain the apparent rearrangement of ftz input sequences in the Dv'runt upstream region. Furthermore, such a tendency for longdistance interactions may be a general property of pairrule proteins, since at least some pair-rule genes bind to many sites dispersed over large distances around their target genes (Walter et al., 1994) . Interestingly, also the HAIRY binding sites that we identified in blocks D, H and K are spaced by 450 and 1900 bp, respectively. While these properties of pair-rule genes pose a problem to experimental analysis, they certainly warrant further investigation. The characterization of the runt 7-stripe region presented in this paper provides a basis for a molecular understanding of the disperse elements of pair-rule target genes.
Experimental procedures
Reporter gene constructs, germ line transformation and in situ hybridization
The Dm'runt-lacZ reporter gene constructs were transformed into Drosophila by P-element transformation, using two slightly different transformation vectors. The first of these is based on pC4-bGal and carries lacZ in the same orientation as white + (Thummel et al., 1988) . runt DNA was inserted upstream of the two genes, adjacent to the P end. The fusion between runt and lacZ was made in the coding regions of both genes, such that the resulting fusion protein contains the N-terminal 73 amino acids of runt (Butler et al., 1992) . For convenience of cloning sites, and for better isolation of the reporter gene from enhancer trap effects, another vector based on plasmid pCASPER-AUGbgal (Thummel et al., 1988) was used for the majority of constructs. In this plasmid, the regulatory runt DNA was inserted between lacZ and white + , with both genes being transcribed towards the P ends. The runt-lacZ gene fusion in this case is in the leader sequences, using a KpnI site which was introduced into position +170 in the runt leader via PCR (250 bp of PCR product were introduced). For construction of the Dv'runt-lacZ reporter construct two overlapping fragments of a lambda clone (lab no. V11) were subcloned in the BlueScript vector (Stratagene), as a 6.5 kb SalI fragment and a 7.5 kb EcoRI fragment. From these, the DNA between a XhoI site at position −6.2 kb and a NheI site 200 bases downstream of the transcription start site was assembled in the pCASPER-AUG-bgal vector, such that the gene fusion to lacZ occurred in the untranslated leader sequence. For each construct, at least four independent insertions were tested for lacZ expression. In situ hybridization was performed using protocols published previously (Tautz and Pfeifle, 1989; Klingler and Gergen, 1993) .
Sequence analysis
Both strands of the 7-stripe element in D. melanogaster and D. virilis were sequenced in the vector M13mtvh (Schlötterer and Wolff, 1996) by using a combination of nested deletion sequencing, shotgun sequencing and primer walking (sequenase v2.0 kit, USB). The sequences were compared via the dot matrix method using different window sizes and mismatch quota. While smaller window sizes resulted in a much higher background scatter, few additional matches were identified at positions colinear to the larger blocks of unquestionable similarity. The matrix plot in Fig.  4 represents a comparison with a window size of 20 base pairs, allowing for four mismatches. For all dot matches, the sequences were visually inspected and those which consisted of repetitive or near-repetitive sequences were ignored. Of the remaining matches, eight fit the criterion of colinearity and therefore were tentatively designated to conserved sequence islands. The remaining small but nonrepetitive sequence islands in principle could represent conserved sequences which have been displaced within this region; more likely, however, they represent coincidental matches and were therefore disregarded from the further analysis. In order to detect possible large-scale rearrangements within these upstream sequences, i.e. inversions, the matrix plot analysis also was done with one of the sequences inverted; but no matches above background noise were detected by this method. As the regions of clear sequence similarity are separated by long stretches of random or nearrandom similarity, a complete sequence alignment is not possible for these runt upstream regions.
DNA binding assays
HAIRY protein was overexpressed in E. coli BL21 (Stratagene) from the expression plasmid pET14b-hbHLH (Ohsako et al., 1994) . Cells were lyzed, and HAIRY was affinity purified using a TALON column (Clonetech). After dialysis against Kadonaga B buffer (Kadonaga et al., 1987) , protein concentration was determined (Biorad protein assay). Binding to double stranded oligonucleotides (HPLC purified) was done for 15 min in Kadonaga B buffer, under presence of 50 mg/ml poly dI-dC, 300 mg/ ml BSA and 10 mM DTT. 300 pg of [ 32 P]CTP-labeled oligonucleotide DNA was added to each 20 ml binding reaction (specific activity of labeled DNA: ca. 3 × 10 4 counts/min). Reaction products were separated on a 4% PAA gel. The exact sequences of the oligonucleotides were: CGGCCAAAACACGCGCGCCGCT/TTGGAGC-GGCGCGCGTGTTTTGG (box D), GCGCGTCTCTC-GCGACATTTTGGTTG/GAGCAACCAAAATGTCGGA-GAGACG (box F), GCGTCCTTGTCGCACGCCCGC-TAAA/GGT-TTAGCGGGCGTGCGACAAGGA (box H), TGTGCGGGGCGTGCTGCTTAATCCGGG/TCGCCGG-ATTAAGCAGCACGCCCCG (K1 in box K), TAAG-CAAAGGATTAAGATTG/GCGCAATCTTAATCCTTTG (K2 in box K). BICOID protein was overexpressed from plasmid pRS bcd89-154 (Rivera-Pomar et al., 1995) and crude protein extract was obtained using the protocol by Kadonaga (Kadonaga et al., 1987) . DNase I footprinting was done using the SureTrack footprinting kit (Pharmacia) according to the manufacturer's instructions.
